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system against remnant tumor cells. Since these initial pioneering efforts at harnessing locally delivered biologically active agents to combat HGG, the realm of intratumoral biological therapeutics has grown and developed to include a wide breadth of modern advanced immune-based therapies and targeted gene therapies.
The goal of this two-part review is to summarize, discuss and elucidate the current and relevant biological intratumoral therapies being utilized in clinical trials in the treatment of HGGs. Biological therapies are defined as treatments whose mechanism is primarily based on an active cellular response or utilization of a biologically active agent to produce its antineoplastic effect. The present article (part I) will focus on the evolving concept and challenges of intratumoral therapeutics and a detailed review of immunotoxin therapy.
Intratumoral therapeutic delivery
The BBB is a selective barrier formed by endothelial cells joined by complex tight junctions that line cerebral microvessels preventing intercellular movement of most molecules [16] . The BBB normally serves to help maintain precise regulation of the physiologic microenvironment for the brain and preserve reliable neuronal signaling. However, in the context of a malignant glioma or other invasive neoplasm, it can serve as a hindrance preventing systemic chemotherapeutics from effectively reaching target cancer cells in the brain [5, 17] . Intratumoral therapeutic delivery holds promise as an approach that may bypass the limitations posed by the BBB and could potentially provide a means to achieve greater concentrations and improved distribution of a therapeutic agent within target brain regions than could be achieved by systemic administration alone.
A variety of delivery methods for intratumoral therapeutics have been used in clinical trials for HGGs, including simple local injection into the resection cavity or bordering tissue, delivery via a reservoir-catheter placed intraoperatively such as an Ommaya, or low-flow microinfusion for convection-enhanced delivery (CED). While these methods are advantageous in bypassing the BBB, achieving adequate drug distribution within the brain parenchyma remains a significant hurdle in approaches relying on simple diffusion, resulting in only a small volume of tissue surrounding the drug source being effectively exposed to the therapeutic agent [17] [18] [19] . Intratumoral therapy that does not rely on an infusate, such as the Gliadel wafer, which is discussed below, obviates the need for a complex delivery system but again depends on local diffusion into the surrounding tissue.
Diffusion of a compound in a tissue is dictated by its free concentration gradient and the molecular weight of the compound, being slower for higher molecular weights. In contrast to diffusion, fluid convection -or bulk flow -occurs as a result of pressure gradients and produces greater movement of molecules through tissue [20] . The concept of maintaining a pressure gradient during intracerebral drug delivery is the basis of CED-based drug delivery. CED was first investigated in a preclinical cat model by Bobo and colleagues in 1994, resulting in significantly improved distribution of labeled transferrin and sucrose as compared with simple diffusion [21] , setting the stage for its subsequent utilization in a number of clinical trials in the following two decades. In CED, one or more microcatheters are placed stereotactically into the target brain parenchyma peritumorally or intratumorally. Through these catheters an infusate is actively pumped, maintaining a pressure gradient over multiple hours. Through many clinical trials using CED for intratumoral infusion therapy, it has increasingly emerged as an effective option for delivery of intracranial therapeutics, with significantly greater volume of distribution versus standard diffusion-dependent delivery methods [5, 22, 23] .
While CED has become one of the most common methods for intratumoral delivery of biologic therapies, it is not without its challenges. Troubleshooting and understanding these challenges has been an active process, as this technology is utilized in clinical trials to deliver various therapeutics intratumorally from chemotherapy to immunotoxins to gene therapy vectors. Sampson et al. [24] mixed radiolabeled albumin with a fusion product of IL-13 and mutated Pseudomonas endotoxin (PE), IL13-PE38QQR (cintredekin besudotox), to track the immunotoxin's distribution within the brain on magnetic resonance spectroscopy during CED as well as its relationship to the surgically placed catheters. They found that drug volume distribution was heavily influenced by features of catheter position, which in some cases resulted in subarachnoid leakage, ventricular leakage, back flow or extracranial leakage, all of which correlated with reduced volume distribution. Another study using an EGFR-targeted toxin with CED found leakage significantly limiting intraparenchymal volume distribution in 80% of patients [25] . Based on these observations, recommendations were made regarding technical placement of CED catheters such as maintaining a distance between catheter tip and the pial surface as well as between the catheter and the resection cavity, avoiding pial perforation, placing the catheter as deep as is safely possible, and avoiding previous catheter tracts [24] . As both the technology and surgical technique continue to be refined for improved outcomes, CED has increasingly become a preferred technique for effective intratumoral therapeutic delivery during clinical trials as it holds the potential to minimize interpatient confounding from variations in actual target site drug distribution.
The immune system & malignancy
The immune system has been recognized as playing an important role in malignancy surveillance and prevention throughout the body [26, 27] . The complex pathophysiology of the immune system's role in malignancy is beyond the scope of this review, and is discussed elsewhere [28] ; however, discussion of basic underlying immunological principles relating to current intratumoral therapies for HGGs is necessary.
As the development and progression of malignancy represents a failure of anticancer immune surveillance, many intratumoral therapies involve a mechanism of action that aims to amplify, stimulate or otherwise target the immune system [29] . The immune system is classically divided into two broad categories consisting of innate immunity and adaptive immunity. The innate immune system includes a cellular surveillance system of macrophages, monocytes, neutrophils, natural killer cells and dendritic cells, capable of phagocytosis and releasing of cytokines and chemokines to stimulate an immune response. This cellular surveillance system relies on distinguishing normal cells from abnormal cells and foreign material through recognition of the molecular pattern of surface markers, or antigens. Malignant cells may produce abnormal antigens, tumor antigens encoded by tumor-specific mutated genes (called 'neoantigens'), or produce products associated with cell death or damage, deemed danger-associated molecular patterns, either of which may be recognized as abnormal by dendritic cells thereby eliciting an antitumor immune response [28, 30] . Intratumoral immunostimulatory therapy being clinically evaluated uses oligodeoxynucleotides as a powerful immune stimulant [31, 32] .
In addition to stimulating the immune system to trigger or upregulate its recognition of malignant cells, another type of immune therapy, called passive immunotherapy, seeks to selectively target tumor cells with cytotoxins or radioactive compounds without specifically inducing the host immune response. Therapeutics in this category include immunotoxins and radioimmunotherapy. Immunotoxins consist of a modified cytotoxic protein, such as Pseudomonas exotoxin or diphtheria toxin, that is conjugated to a ligand or antibody for which its receptor or target is known to be either uniquely expressed or vastly overexpressed by the target tumor cells (tumor-associated antigens) relative to normal brain tissue, resulting in selective targeting of malignant cells with lowered collateral toxicity [33] . Targets for intratumorral immunotoxin therapy that have been clinically investigated include transferrin receptor, IL-4, IL-13, EGFR, and its mutant variant (EGFRvIII) [34] among others.
Immunotoxins
Immunotoxins represent a novel class of specific anticancer agents that selectively target receptors overexpressed by tumor cells. Therapeutics in this category consist of a tumor-selective ligand conjugated to a peptide protein that is a modified toxin representing a 'Trojan horse' payload being targeted for delivery to tumor cells. Pseudomonas exotoxin A and diphtheria toxin are among the most common toxins used in intratumoral therapy for HGGs. Both represent class A-B toxins that require receptor-mediated cellular uptake for activity [35] . Once inside the cell these toxins disrupt protein synthesis leading to cell death. This two-part construct allows for specific tumor cell targeting while minimizing toxin activity against normal tissue. Additionally, this mechanism of action does not depend on the rate of cell division, which is the major limitation of chemotherapy and radiation, and therefore has the potential to better target slowly dividing cancer stem cells that are increasingly being understood as drivers of treatment resistance and tumor recurrence. Coupling the specificity of immunotoxins with direct intratumoral delivery (e.g., CED) may further optimize exposure of the tumor cells to the therapeutic agent by bypassing the BBB and limiting systemic toxicity [36] . Several immunotoxins have been developed and clinically tested, as summarized in Table 1 and discussed below. Figure 1 illustrates the recombinant fusion products that have been evaluated for targeted immunotherapy; these generally consist of mutated cytotoxins conjugated to peptides. This conjugation promotes specificity by targeting the cytotoxins to receptors that are highly expressed by tumor cells. Table 1 also includes a summary of the most common adverse effects reported in these trials but is not intended to be all inclusive.
Tf-CRM107 is one of the first immunotoxins to be clinically evaluated, consisting of transferrin conjugated to diphtheria toxin with a point mutation rendering it unable to bind mammalian cells ( Figure 1 ) [37] . Weaver and Laske [38] published the results of a multicenter Phase II trial evaluating Tf-CRM107 in the treatment of progressive or recurrent glioblastoma and anaplastic astrocytoma using CED with a primary end point of >50% radiographic response within 12 months. Of 34 evaluable, 32% (11) were found to have a partial or complete response on 
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Wild-type imaging and overall median survival was 9.3 months. An association between radiographic response and improved survival was also observed, suggesting a clinically significant response in these patients.
A similar Phase I study using Tf-CRM107 in children has also been completed (NCT00052624). Additionally, a Phase III trial comparing Tf-CRM107 treatment for progressive/recurrent nonresectable glioblastoma with standard-of-care chemotherapeutics (either nitrosureas, platinum compounds, temozolomide, procarbazine or PCV [procarbazine, lomustine, and vincristine]) has been completed with results yet to be released (NCT00088400). This study also evaluated possible differences in treatment efficacy associated with varying degrees of transferrin receptor expression in tumor tissue as well as serum antidiphtheria toxin antibody titers. It is not clear why the results of these studies remain unpublished despite extended intervals since completion, but this highlights an important issue regarding the need for publication of all human clinical trial results even if primary outcomes were unsuccessful, as much can be gained from learning from the experiences with these agents and delivery approaches.
PE has been heavily explored and clinically evaluated as an immunotoxin due to the selective but powerfully cytotoxic properties of its modified forms. Three main forms of PE have been used in clinical trials: PE-38, PE38KDEL and PE38QQR (Figure 1) . The normal form of PE is a 66,000-Da protein with three domains. Domain Ia (amino acids [aa] 1-252) binds the PE receptor ubiquitous on animal cells; the function of domain Ib (aa365-399) remains unknown. Domain II (aa 253-364) mediates translocation of the carboxy terminal toxin fragment into the cytosol via proteolytic cleavage. Finally, domain III (aa 400-613) contains the adenosine 5diphosphate ribosylating activity that inactivates elongation Factor 2, causing disruption of protein synthesis [39] . With the understanding of PE's molecular biology, various modifications have been made to optimize its potential as an anticancer immunotoxin.
The PE-38 form results from deletion of the Ia/Ib domains leading to intact ADP ribosylating activity but inability to bind cells, neutralizing its natural toxicity. Replacing the deleted domain with TGF-α yields the immunotoxin TP-38, which selectively targets cells expressing EGFR [39] . A Phase I trial was completed by Sampson et al. [25] using TP-38 delivered via CED for treatment of recurrent malignant brain tumors (17 glioblastoma, 1 gliosarcoma, 1 anaplastic oligodendroglioma, 1 metastatic spindle cell). Dose-limiting toxicity occurred in two patients (10%) who developed grade 3 hemiparesis and another with severe fatigue. The latter was found to have intraventricular infusate leakage, which was thought to have contributed to his constitutional symptoms and both patients had residual tumor. Five patients, all with a prior known history of seizures, had a seizure during the TP-38 infusion, which was subsequently controlled with medication adjustment alone. Overall 2 of 15 patients with residual tumor at the time of treatment showed a radiographic response. Median time to progression was 14.9 weeks (range: <1-211 weeks) and median survival 28 weeks (range: 1.1->260 weeks). Both were greater in patients without residual disease at time of treatment, but the study was not powered to determine significance of this association. Two long-term survivors occurred at >211 and >260 weeks from TP-38 therapy. Overall the TP-38 therapy appeared to be well tolerated with a small proportion of patients showing radiographic response as well as long-term survival. Subsequently a Phase II trial for TP-38 treatment with CED in recurrent glioblastoma has been completed that will more closely evaluate time to progression, safety and survival with results still pending (NCT00104091).
A second form of PE, which has been used in clinical trials for HGGs, is PE38KDEL. Similar to PE-38, the Ia/Ib domains are deleted; however, in this case 4 KDEL, an endoplasmic retaining sequence, is conjugated to the third domain. This modification has been shown to enhance binding affinity in preclinical studies [40] . There are two tumor receptor targets that have been trialed using this toxin: IL4-PE38KDEL and D2C7-(scdsFv)-PE38KDEL. First, IL4-PE38KDEL was evaluated by Rand et al. [41] in a Phase I trial that included nine patients with progressive or recurrent glioblastoma using CED. In this dose-escalation study patients received 6-720 μg over a period of 4-8 days. The dosages were selected based on preclinical studies, starting at 0.2 μg/ml and escalated one log and 1.5 logs in the second and third cohorts, respectively, up to a maximum of 6 μg/ml; the volume infused was based on tumor volume measured on MRI. Cerebral edema was a common complication with 78% (seven out of nine) of patients developing subacute (days 10-27) or delayed (days 43-97) cerebral edema after the infusion leading to elevated intracranial pressure uncontrollable with medical therapy alone, for which they underwent a craniotomy with tumor resection. Other adverse events observed included hydrocephalus requiring cerebrospinal fluid shunt placement in two patients and weakness in two patients. There did not appear to be a significant association between dose level and occurrence of adverse events in this small population. All patients showed some radiographic response with slight reduction in thickness of enhancing portion of tumor on MRI at 4-9 days post-treatment and 66% (six out of nine) showed interval development of tumor necrosis post-treatment MRI at 7 days to 15 months. In no case was treatment associated with necrosis of normal brain tissue. Survival and time to progression data are not given; however, one instance of long-term survival occurred in a 71-year-old male who had already undergone resection and radiation twice prior to IL4-PE38KDEL treatment. He received a total of 360 μg over 5 days via two catheters. This patient showed shrinkage of tumor on serial MRIs and hypometabolism on PET without recurrence at 15 months and survival of >18 months.
A second, multicenter Phase I study using IL4-PE38KDEL with CED in patients with recurrent/progressive glioblastoma or anaplastic astrocytomas included 31 patients, 25 with glioblastoma [42] . In this dose-escalation study, the starting dose was 6 μg/ml (40 ml) based on the maximum administered dose in the study above and increasing up to 9 μg/ml (100 ml) in three steps after surveilling for dose-limiting toxicity. All patients reported some form of adverse event with the most common being seizures (84%), headache (45%), weakness (32%) and cerebral edema (32%). No clear dose-related trends were noted to correlate with adverse events. In no case was neurosurgical intervention such as craniotomy or permanent cerebrospinal fluid diversion required to manage adverse neurological events. Most patients showed a distinct region of decreased contrast enhancement suggestive of tumor necrosis with subsequent increase in contrast enhancement at 4 weeks that then gradually tapered over several weeks. Overall median survival was 8.2 and 5.8 months in the glioblastoma group. There was at least one case of long-term survival at >3 years in a 43-year-old male with right frontal glioblastoma who underwent resection of residual tumor and necrotic tissue 3 months after treatment.
Overall IL4-PE38KDEL initially showed a high rate of adverse events in the form or cerebral edema in the first clinical trial above, leading to the majority of patients requiring neurosurgical intervention. This phenomenon was largely eliminated in the second trial; however, the rate of adverse events remained high but less severe and more acceptable. In either study there did not appear strong dose-related trends with the occurrence of adverse events. IL4-PE38KDEL is being further investigated in Phase II trials. One, which is completed with results pending, will further evaluate the safety and tolerability of the immunotoxin treatment via CED in recurrent glioblastoma followed by surgical resection 3 weeks later (NCT00014677). Another Phase II trial that is currently recruiting will evaluate efficacy and safety of IL4-PE38KDEL treatment in recurrent glioblastoma via CED with a goal of 43 patients.
The second immunotoxin using PE38KDEL has the single-chain variable-region antibody fragment of the D2C7 monoclonal antibody fused to domains II and III of PE38KDEL. The D2C7 antibody is highly reactive against both wild-type and variant III mutant EGFRs allowing D2C7-(scdsFv)-PE38KDEL to selectively bind both types of EGFR, which is commonly overexpressed and amplified in HGG cells [43, 44] . Currently a Phase I trial is recruiting to evaluate the use of D2C7-(scdsFv)-PE38KDEL treatment via CED in patients with recurrent HGG (NCT02303678).
A third form of PE is PE38QQR, which is a modified version of PE38 to optimize its toxicity. Specifically, PE38-based immunotoxins were initially synthesized using heterobifunctional cross-linking reagents, which attach the target ligand to the N-terminal methionine or lysine residues of the toxin. Because domain III contains three lysine residues at positions 590, 606 and 613 cross linking may occur at these locations which can interfere with the toxin's translocation into the cytosol reducing its effect, whereas binding of the ligand at the N-terminal methionine maintains this function [45, 46] . With this understanding, PE38 was modified replacing the three lysine residues on domain III with glutamine and arginine as well as adding a peptide containing a lysine residue to the N-terminus. This allows for a more homogeneous generation of the immunotoxin with all ligands coupled to the N-terminus, optimizing uptake of the toxin by the target cells producing enhanced intracellular retention as well as reduced hepatotoxicity. The result is PE38QQR, which has been shown in initial preclinical studies to have better synthetic yield and improved cytotoxicity to target cells [46] . PE38QQR conjugated to IL-13 (IL13-PE38QQR) has been extensively investigated in clinical studies. In an aggregate report on three Phase I trials, Kunwar et al. [47] evaluated the safety and tolerability of IL13-PE38QQR treatment for 51 patients with recurrent or progressive malignant gliomas (90% glioblastoma) via CED administered 1-3 days after tumor resection. Catheter placement targeted either residual enhancement or fluid-attenuated inversion recovery (FLAIR) signal concerning for microscopic disease around the resection cavity on MRI. Treatment was infused over 96 h in escalating dosages ranging from 18 to 72 μg. Dose-limiting toxicities occurred in two of three patients receiving the highest dosage who developed cerebral edema, one of which required surgical decompression. Given this, the acceptable maximum dose was determined to be 36 μg (0.5 μg/ml at 0.75 ml/h). The most common adverse events were headache (41%), sensory disturbance (25%) and aphasia (18%) with no relationship between drug concentration and severity of adverse events. Median survival for patients with glioblastoma was 42.7 weeks with a 1-year survival of 39.1%. Patients with optimally placed catheters according to guidelines discussed above were found to have significantly greater survival at 55.6 weeks than patients with suboptimal placement of one or both catheters at 37.4 weeks. Progression-free survival at 1 and 2 years occurred in 17.6 and 13.7%, respectively. Overall the IL13-PE38QQR treatment demonstrated an acceptable safety profile and survival compared favorably for patients with glioblastoma relative to established intratumoral therapy for recurrent glioblastoma. Particularly the 1-and 2-year survival appeared to be comparable or greater than that of bis-chloroethyl nitrosurea (Gliadel wafer; Guilford Pharmaceuticals, MD, USA) wafers, at ≤15% and ≤10%, respectively, with several patients with recurrent glioblastoma having prolonged progression-free survival.
In another Phase I trial, Vogelbaum et al. [48] evaluated the safety of IL13-PE38QQR treatment via CED in 22 newly diagnosed malignant gliomas (95% glioblastoma) after gross total resection in conjunction with standard adjuvant therapy of external beam radiation therapy with or without temozolomide. Guided by the dosage data from Kunwar et al. [47] , a dose escalation regimen was used ranging from 18 to 36 μg delivered over 96 h. Two doselimiting toxicities occurred out of the 16 patients receiving the highest dose with one developing status epilepticus at 10 weeks and the other with expressive dysphasia at 1 week. The most common adverse events included fatigue (73%), headache (50%) and nausea (41%); no relationship was observed between dosage and adverse event severity.
Survival was 50% after a median follow-up of 44 weeks and ranged from 5 to 113 weeks. Progression-free survival at 40 weeks was 27%. This study further supported the safety and tolerability of IL13-PE38QQR treatment when used in series with standard therapy.
Given the promising results of the initial studies, Kunwar et al. continued with a Phase III trial (PRECISE) directly comparing IL13-PE38QQR with Gliadel wafers, the only intratumoral chemotherapeutic approved by the US FDA [49] . This multicenter trial randomized 296 patients with recurrent glioblastoma in a 2:1 ratio to receive either postoperative IL13-PE38QQR via CED or Gliadel wafers (GW). Similar to the above, catheter placement was directed at regions with residual contrast enhancement or FLAIR abnormality on MRI. IL13-PE38QQR infusion began 3-8 days after resection and took place over 96 h for a total dose of 36 μg. Safety profiles were similar in both groups and there was no significant difference in median survival between treatment arms at 45.3 and 39.8 weeks for IL13-PE38QQR and GW, respectively. Catheter placement, however, was noted to be a challenge with only 68% of catheters placed optimally although this did not significantly affect survival on post hoc analysis. This study effectively demonstrated noninferiority of IL13-PE38QQR versus GW for recurrent GBM, and this treatment is pending further development and Federal Drug Administration approval for use as an adjuvant therapy. While this study tracked catheter position, it did not specifically track distribution of the immunotoxin infusate, which is thought to be a critical determination of efficacy. Therefore, it is possible these results represent an underestimate of the true impact of IL13-PE38QQR if ideal distribution was to be achieved and verified in each case.
Immunotoxin therapy for HGG remains an advancing and promising modality for adjuvant treatment in this disease. However, there has yet to be any single agent or trial that has demonstrated a profound step forward in survival, and technical challenges still exist for both drug delivery and side-effect management. The response rates of the various compounds discussed above can be significantly variable but seem to share certain general characteristics including a pattern of better treatment response if minimal or no residual tumor is present at time of treatment initiation and optimal tissue distribution is achieved. Side effects including neurological symptoms tend to be common but are also transient in most cases. Despite these challenges, immunotoxin therapy continues to be a growing area of R&D as these therapeutics are further refined in parallel with advancements in understanding HGG tumor biology to better improve target specificity as well as optimize drug delivery, while minimizing collateral effects on normal tissue.
Conclusion
Immunotoxin therapy for HGG continues to show promise as developments are made in drug specificity in parallel with enhanced understanding of tumor cell biology. Additionally, technical advancements like optimization of CED have the potential to improve the reliability of therapeutic delivery and limit target drug bioavailability confounding in future clinical trials. Future research must seek to optimize both therapeutic action at the target site and exposure of the tumor cells to the therapeutic agent through better understanding of drug and cell distribution. Targeted intratumoral therapies hold great promise as an increasingly important new paradigm in the design of HGG clinical trials as new research continues to be transitioned from bench to bedside.
Future perspective
Biological intratumoral therapies represent an advancing adjuvant treatment option for high-grade gliomas. While no single therapeutic immunotoxin has produced results profound or consistent enough to establish it as a standard of care, results are promising as improvements are made in methods of technical delivery and improved toxin targeting. Given the widely variable range of outcomes observed in studies to date, moving forward it will be paramount to better understand the underlying patient-specific factors that influence the degree to which treatment response is seen. These may include tumor genetics and epigenetics, technique of delivery, and the patient's immune status among other factors that can affect tumor response and patient tolerance. Characterizing these variables is key to being able to parse out those patients where maximal treatment benefit can be achieved with optimal reliability. As the field grows and evolves this may manifest as designed patient-specific treatment pathways customized based on tumor genetic expression profiles and patient characteristics.
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No writing assistance was utilized in the production of this manuscript. • Surgically delivered biological therapies provide a novel solution to longstanding pharmacokinetic problems (e.g., blood-brain barrier efflux pumps) and pharmacological problems (e.g., specificity, toxicity) in HGG treatment. Intratumoral therapeutic delivery • Intratumoral delivery permits direct-to-target delivery of biologics that would traditionally be poor pharmacokinetic candidates for HGG. • Direct infusion into the brain parenchyma using stereotactically placed microcatheters is currently the most common route of administration for intratumoral delivery in HGG. The immune system & malignancy • The immune system has been recognized as playing an important role in combating malignancy.
• Biological therapies that activate the immune response have been in use for HGG since the 1970s.
• Immune-modulating therapeutics may be administered via intratumoral delivery to facilitate more efficient activation of the immune response. Immunotoxins • Immunotoxins provide a 'Trojan horse' approach to treatment.
• Current therapies consist of cellular toxins conjugated to modified peptides that target receptors selectively overexpressed by cancer cells. • While many advancements have been made, clinical trial results remain mixed. A major technical limitation is achieving ideal volume of distribution for experimental therapeutics.
Conclusion
• Immunotoxin-based therapies may provide a major advancement in HGG therapy as they continue to be developed. • Future studies will evaluate the efficacy of these agents in clinical trials and improve candidate therapies' delivery, specificity and efficacy.
